Photoinduced Screening Breakdown Mediated by Plasmon Excitations and
  Potential Instabilities in the System by Zheleznyak, Anatoley T. & Wallace, Tom
ar
X
iv
:1
81
2.
11
02
0v
1 
 [c
on
d-
ma
t.s
tr-
el]
  1
6 N
ov
 20
18
Photoinduced Screening Breakdown Mediated by Plasmon Excitations
and Potential Instabilities in the System
Anatoley T. Zheleznyak∗ and Tom Wallace
Vesperix Corporation, 803 West Broad Street, Suite 520, Falls Church, VA 22046
(Dated: December 31, 2018)
In this work, we estimate the effect of photoinduced screening breakdown of the Coulomb po-
tential mediated by plasmons. In contrast to previous studies, we consider the contribution from
the divergence of renormalized inverse electron permittivity, which enhances Coulomb interaction
at longer ranges. Our work reveals that the Coulomb potential acquires oscillating terms, which
for the charged plane case could lead to a spatial heterostructure. In the resonant case (ωp = Ω),
photoinduced Coulomb interaction becomes attractive for small values of momenta. This Coulomb
interaction renormalization could potentially lead to instabilities in the electron system, such as su-
perconductivity and/or charge density waves. We found possible divergence of the electron coupling
constant and discuss herein a potential new mechanism of superconductivity based on electron-
electron interaction renormalization via the plasmon oscillating electric field. We also briefly discuss
possible photoinduced ǫ near zero conditions.
PACS numbers: 73.20 Mf, 78.20.-e, 74.90.+n, 74.10.+v
I. INTRODUCTION
Photoinduced screening breakdown was first theoret-
ically investigated in the early 1970s1,2, and was later
studied in more detail3,4 In this paper we study the im-
plications of this theory caused by the divergence of the
inverse electric permittivity, which has never been consid-
ered. Broadly, this phenomenon is based on the renor-
malization of Coulomb interaction in electron systems
subjected to strong electromagnetic radiation (EMR). In
particular, due to renormalization, the static electric per-
mittivity acquires dependencies on the electric permittiv-
ity’s high frequency component at the frequency of the
EMR (Ω) and its harmonics:
1
ǫeff (q)
=
∑
n
J2n(aq)
ǫ(q, nΩ)
, (1)
where a = eF/mΩ2 is the amplitude of the electron os-
cillations, Jn is the Bessel function of order n, and the
EMR is considered in the dipole approximation F(t) =
F sin(Ωt), v ≪ c. Eq. (1) has a generic nature and can
be derived by calculating an electron density response to
the external Coulomb field in first order perturbation the-
ory. It can also be obtained in the mean-field or Random
Phase Approximation (RPA) for a collisionless electron
plasma (ωpτ ≫ 1, where ω
2
p = ne
2/ǫ0m is the plasma
frequency and τ is the relaxation time). The EMR is
assumed to propagate through the media without caus-
ing inter-band transitions, which requires that its photon
energy is less than the energy gap (Ω < Eg, ~ = 1).
The Coulomb field subjected to a renormalized elec-
tric permittivity (1) acquires photoinduced terms that
manifest non-exponentially decaying spatial dependen-
cies, representing screening breakdown. The physical in-
terpretation of the photoinduced screening breakdown is
straightforward: in the presence of EMR, the Coulomb
field acquires time-dependent components at the har-
monics of the EMR, which in turn are dependent on the
high frequency component of the electric permittivity.
These harmonics spread through the media as high fre-
quency components without being screened, and are av-
eraged to a stationary field by the oscillating electrons’
field. Particularly, it was shown in Refs1–4 that the static
Coulomb potential acquires a photoinduced long-range
component, which decays as a power law 1/r3. The ef-
fect of screening breakdown in essence occurs due to non-
screened propagation of the high frequency Coulomb po-
tential components.
To our knowledge, Eq. (1) has only been applied to the
study of Coulomb screening of a non-degenerate electron
gas when ǫ(q, ω) was approximated as 1, which led to a
Coulomb potential of ϕ(r) ∼ F 2/r3 (Refs.1,2), and to a
degenerate electron gas, where, in the presence of EMR,
the Coulomb potential acquires some additional Friedel
oscillation harmonics3.
What we believe to be the most interesting phe-
nomenon — that the photoinduced component of the
inverse effective permittivity given by Eq. (1) diverges
at ǫ(q, nΩ) = 0 — has never been studied. The physics
of this divergence are simple: it occurs whenever inter-
nal plasmons with frequencies matching the EMR’s har-
monics spread the respective harmonics of the Coulomb
potential without screening. This spread potential is ul-
timately averaged by the oscillating conducting electrons
to yield a stationary component. This may be consid-
ered a manifestation of the optical-plasmon resonance,
although it is not classical resonant absorption by any
means since the EMR propagates through the media not
causing intra or inter band transitions.
II. SCREENING BREAKDOWN
Breakdown of Coulomb screening is the only phe-
nomenon that has been studied as a direct result of
Eq. (1), and, as previously noted, the divergence of
2the photoinduced component has not been considered in
previous relevant works1–4. As we show below, such pho-
toinduced divergences of the static component of elec-
tric permittivity lead to significantly stronger long-range
dependence of the screened Coulomb potential. Similar
to the aforementioned publications1–4, we consider the
screening of a point charge and a charged plane. In the
linear-in-intensity approximation (a2), the photoinduced
term of the static Coulomb potential has the form:
ϕPI(r) =
∫
dq
(2π)3
ρ(q)(aq)2 exp(iqr)
2ǫ0q2ǫ(q,Ω)
, (2)
where ρ(q) is a Fourier component of the stationary
charge density. Considering contribution from a diver-
gent term only, we approximate the permittivity in the
vicinity of the point of divergence as:
1
ǫ(q,Ω)
≈
1
A(1− q/q0)
, (3)
where A is the slope and q0 is the zero crossing point
for the frequency-dependent electric permittivity, which
should be calculated numerically in most cases.
For the Lindhard form of the permittivity function,
which corresponds to degenerate electron gas at zero
temperature, there could be as many as two crossings
of ǫ(q,Ω) = 0 at Ω ≤ ωp and one crossing at Ω >
ωp as shown in Figure 1. The zero-crossing of the
frequency-dependent electric permittivity is a universal
phenomenon; at q = 0 and Ω < ωp, ǫ(q = 0,Ω) < 0, while
for large values of q, ǫ(q → ∞,Ω) = 1. There should
therefore be at least a single zero-crossing for ǫ(q,Ω) at
Ω < ωp. Retaining only the strongest long-range compo-
nent of (2) for the point charge, (ρ(PC)(q) = Q), Eq. (2)
takes the form:
ϕ
(PC)
PI (r) =
∑
i
Q(a cos(β)q
(i)
0 )
2
4πǫ0Ai
cos(q
(i)
0 r)
r
, (4)
where the summation i is over the singularities and β is
the angle between r and F. Similarly, for the charged
plane (ρ(CP )(q) = 2πσδ(qx)δ(qy) where σ is the surface
charge density), we get
ϕ
(CP )
(PI) (z) =
∑
i
σa2zq
(i)
0 )
4ǫ0Ai
sin(q
(i)
0 z), (5)
where az is a projection of a vector to the z axis.
Eqs. (4, 5) show an essential enhancement of the po-
tential caused by the singularity of the inverse static
permittivity. The Coulomb potential of both a point
charge (4) and a charged plane (5) acquire a non-screened
structured component (1/r for the point charge and con-
stant for the charged plane), which oscillates with pe-
riod 2π/q
(i)
0 . The periodic non-decaying structure of
the charged plane potential (5) points to the possi-
bility of creating an artificial (photoinduced) superlat-
tice/heterostructure similar to the structure of charge
density waves.
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FIG. 1. Photoinduced divergence of the inverse static permit-
tivity for illuminating frequencies near the plasma frequency.
A. Screening breakdown at resonance
It is interesting to examine the resonance case Ω = ωp.
For a degenerate electron gas with parabolic dispersion
Ep = p
2/2m, wherem is the effective mass, the Lindhard
function for small q (up to quadratic terms) takes the
form:
ǫ(q,Ω) = 1−
ω2p
Ω2
[
1 +
3(qkF )
2
5(mΩ)2
]
, (6)
where kF is the Fermi momentum. As follows from (6),
at Ω = ωp, the inverse static electric permittivity (6)
becomes a negative constant for q = 0 with the only
surviving component being the photoinduced term pro-
portional to a2:
1
ǫeff (q = 0)
= −
5(aqmΩ)
2
3k2F
, (7)
where aq is the projection of a in the direction of q. Pre-
viously, we considered only terms linear in the intensity
of the radiation (a2). 1/ǫeff(q = 0) (7) is also linear in
intensity. However, for q = 0 at resonance, only terms
linear in inetnsity survive, so Eq. (7) is valid for arbi-
trary values of intensity. Even though Eq. (7) is derived
for the degenerate electron gas where electric permittiv-
ity is described by the Lindhard function, a negative sign
of 1/ǫeff(q = 0) may still be found, as long as ǫ(q,Ω) is
decreasing for small q, resulting in 1/ǫeff (q = 0) < 0. In
the absence of radiation, 1/ǫ(q = 0) → 0, which means
that small values of q do not contribute to the Coulomb
3potential. We believe that we may have encountered an
universal phenomenon, the renormalization by the EMR
of the Coulomb interaction becomes attractive at res-
onance conditions, which might have many fundamen-
tal consequences. The photoinduced component of the
Coulomb potential that comes from the small values of q
has the form:
ϕ
(PC)
PI (r) =−[2(2π − 1) cos
2(β) + sin2(β)]
×
5Q(amΩ)2
96π2ǫ0k2F
1
r
, (8)
ϕ
(CP )
PI (z) =
5
12
σ(azmΩ)
2
ǫ0k2F
|z|. (9)
Eqs. (8, 9) show that at resonance, the Coulomb po-
tential is not screened for either the point charge or the
charged plane. Note that for the charged plane (9), the
interaction’s sign is the opposite of the non-screened po-
tential (ϕ
(CP )
0 (z) = −σ|z|/(2ǫ0)). It is essential to note
that the interaction’s sign is flipped — repulsion is re-
placed by attraction, which could have fundamental con-
sequences for instabilities in the system.
B. Photoinduced superconductivity
One interesting possible instability is the formation
of plasmon-mediated electron pairs, similar to phonon-
mediated Cooper pairs, resulting in a new mechanism
for photoinduced superconductivity. To our knowledge,
this is the first examination of possible Coulomb attrac-
tion of non-opposite charged particles via the electron-
plasmon interaction in the framework of RPA. (Previ-
ously, the attractive component of the Coulomb potential
for electron-electron interaction was only found beyond
the framework of RPA9 due to exchange and correlation
effects.)
It is well-known that logarithmic or weak divergences
in susceptibility lead to various types of instabilities,
including superconductivity, charge, and spin density
waves. Logarithmic divergence of derivative of the in-
verse permittivity lead to Friedel oscillations of the
Coulomb potential. Eq. (1) manifests a linear divergence
of the inverse electric permittivity as well as non vanish-
ing contribution for q = 0 at resonance conditions, and
the impact of such singularities has never been studied.
Since logarithmic divergences are considered to be weak
and nevertheless they lead to many fundamental instabil-
ities in the system, the potentially stronger divergence of
the inverse electric permittivity may also lead to instabil-
ities in the system. As we mentioned above, it is possible
that the photoinduced Coulomb attraction manifested by
Eqs. (4, 8) could lead to a plasmon-mediated supercon-
ducting state. The theoretical framework for plasmon
mediated superconductivity has been extensively stud-
ied, see for example Refs.5,6, where the authors not only
anticipated the discovery of high temperature supercon-
ductivity, but tried to find its plausible scenario. Specif-
ically, the authors found that superconductivity could
occur if Coulomb repulsion was suppressed, while high
frequency oscillations in the electron system could lead
to an increase in critical temperature (Tc).
Photoinduced screening breakdown may provide these
two fundamental conditions for the superconducting
state. In the vicinity of the singular points and for q = 0
in the resonance case (9), 1/ǫeff(q) becomes negative,
which leads directly to Coulomb attraction. Thus, the
screening breakdown has the potential to have a much
stronger impact, not in suppressing Coulomb repulsion,
but leading to direct attraction for some values of q. The
presence of EMR also creates an additional oscillating
mode in the electron system. (Note that plasmon super-
conductivity has been previously advanced as a mecha-
nism for high-Tc material
8; although the evidence for this
is unclear. Nevertheless, as mentioned in11 the topic of
plasmon superconductivity still keep coming regularly.)
We can estimate the characteristics of this photoin-
duced superconducting state using the following analysis.
The plasmon coupling constant, λpl is expressed in terms
of the electric permittivity as6,8:
λpl = −α
∫ 2kF
0
dq
q
1
ǫeff (q)
. (10)
At resonance at q → 0 and in the vicinity of the singular
points (q0), where 1/ǫeff(q)→ −∞ , the integral (10) di-
verges logarithmically. We shall see that this divergence
may lead to a higher critical temperature.
The largest currently known value of the electron-
phonon coupling constant is in the low single digits; for
example, it is somewhat more than 2 for Pb-Bi alloys11.
The singularity of integral (10) could potentially increase
λpl above this value, which in turn could lead to in-
crease of the critical temperature Tc to values similar
to the plasmon energy ~ωp or the Fermi energy (EF ).
The same conclusion can also be reached in the frame-
work of the standard BCS theory, using the attractive
renormalized Coulomb interaction. The equation for the
superconducting gap ∆p can be written as
10:
∆p = −
1
2ǫ0
∑
p′
∆p′
ǫeff (p− p′)
4πe2
(p− p′)2
1− np′,+ − n−p′,−
[E2p′ +∆
2
p′ ]
1/2
,
(11)
where np,± is the Fermi distribution function with mo-
menta p and spin ±. Due to the divergence of equation
(11) at the singular points q0 = p− p
′, and at p− p′ = 0
for the resonance case, this equation’s standard BCS so-
lution yields Tc ∼ ∆E, where ∆E is the energy scale in
the electron system, ∆E ∼ EF , ωp,Ω, which is consis-
tent with large values of λpl as follows from Eq. (10). In
the long-term quest for high temperature superconduc-
tivity, the small size of λ was considered a fundamental
obstacle10; screening breakdown offers a potential way to
avoid this.
On the other side of the singularities, where
1/ǫeff(q) → +∞, Coulomb repulsion is enhanced. As
4found in Ref.7, under condition 0 < ǫeff (q, 0) < 1, the
electron system supports charge density wave instabili-
ties, which in our case occurs at 1/ǫeff(q) → +∞. To
some degree, this situation is similar to that seen in high-
Tc materials, the photoinduced renormalization of the
Coulomb interaction could lead to the interplay of su-
perconducting and charge density wave instabilities. It
is difficult to predict which of the competing instabili-
ties would dominate. The superconducting and charge
density wave instabilities might neutralize each other for
q0 6= 0, but the resonance q = 0 instability would remain
dominant? .
C. Photoinduced ǫ near zero conditions
Divergence of the inverse electric permittivity (1) is
also seen in metamaterials, which are specifically charac-
terized by ǫ taking values which are near zero or negative
(for a review see Ref.12). In most cases, metamaterials re-
quire fabrication of a structure with resonant properties,
and the ENZ properties are only obtained for a certain
range of frequencies.
In our case, however, ENZ conditions are obtained for
bulk materials (i.e., semiconductors) through the diver-
gence of inverse electric permittivity (1) and/or in the
resonance case for q = 0, and the metamaterial proper-
ties are controlled externally by the presence of EMR.
The divergence of static electric permittivity also opens
up the possibility of having metamaterials with ENZ over
a wide range of frequencies, as long as stationary condi-
tions are valid ω ≪ (ωp,Ω).
Similar to hyperbolic metamaterials13, photoinduced
ENZ conditions also have spatial dependence due to
EMR polarization. In particular, ENZ conditions should
require a specific photon momentum k = ω/c. For EMR
in the infrared frequency range, the values of k are very
small compared to the characteristic values in the sys-
tem, such as Thomas-Fermi screening length and Fermi
momentum kF , so divergence should only be considered
for small values of q in close proximity to the resonance
case (Ω ≈ ωp) (6). A solution of ǫ(k,Ω) = 0 produces
wave vector k0, which yields the divergence of the inverse
static permittivity:
k20 =
5(mΩ)2
3k2F
(
1−
ω2p
Ω2
)
. (12)
The range of wave vector δk where photoinduced inverse
dielectric permittivity is larger than some threshold value
B (B ≫ 1) can be found as:
δk
k0
=
5(amΩ)2
12Bk2F
, (13)
where δk is a small value, since it is proportional to
a2, where a is the amplitude of the electron oscillations,
which are typically the smallest length scale in the sys-
tem, divided by the large factor B ≫ 1. Thus, for the
stationary case, ENZ is caused by external radiation with
frequency Ω. Note that the ENZ frequency range is still
restricted by the variation of wave vector δk in the vicin-
ity of k0 (12–13).
Of particular interest is a non-stationary case, where
the renormalized inverse electric permittivity takes the
form:
1
ǫeff (ω,q)
=
∑
n
J2n(aq)
ǫ(q, ω + nΩ)
. (14)
Similar to the stationary case, we may consider the di-
vergence of the photoinduced component of (14) at the
frequency of EMR (Ω):
1
ǫ
(PI)
eff (q,Ω)
=
(aq)2
4
[ 1
ǫ(q, 2Ω)
+
1
ǫ(q)
]
. (15)
The divergence of (15) at 2Ω ≈ ωp occurs at EMR wave
vector k0:
k20 =
20(mω)2
3k2F
(
1−
ω2p
4Ω2
)
. (16)
The factor 1−ω2p/4Ω
2 can be adjusted such that k0 ≈ Ω/c
and the range of the wave vector where |(aq)2/4ǫ(q, 2Ω)|
is above the threshold B is:
δk
k0
=
5(amω)2
6Bk2F
. (17)
Thus, if the EMR is not strong, the non-linear (photoin-
duced) terms are not relevant; a very narrow frequency
region of ENZ is produced, which may not include the
radiation frequency Ω. Increasing the EMR’s intensity
would also increase the frequency range (17), causing
the dielectric permittivity to eventually become diver-
gent at the EMR’s frequency, which would drastically
modify such material optical properties as reflectivity.
Overall, the analysis of the photoinduced screening
breakdown points to many conceptual similarities with
the phenomena observed in metamaterials. Firstly, the
ENZ conditions for metamaterials have spatial depen-
dence, which comes from a special fabrication of the
metamaterials from a mixture of metals and dielectrics.
In our case, the ENZ is also spatially dependent due the
EMR polarization, particularly at the momenta q ⊥ a
all photoinduced effects vanish. Secondly, it was found
that the superconducting critical temperature is tripled
for the Aluminum metamaterials as compared to a pure
Aluminum14 and the effect is attributed to a renormal-
ization of the dielectric permittivity due to a mixture of
Aluminum with ferroelectric nanoparticles. This similar-
ity with our case is just conceptual since we only point to
a possibility of having the photoinduced superconductiv-
ity orchestrated by the screening breakdown. Lastly, Dr.
Igor Smolyaninov came up with a scheme for the oscillat-
ing field pattern by the charge point source12, which at
this point is only confirmed by simulations. Even though
5the oscillating nature of the point charge field have not
been elaborated in any details, it is quite possible that it
comes from the divergence of the inverse dielectric per-
mittivity, similar to the Coulomb screening breakdown
that we have discussed in this paper. Our major concep-
tual difference with metamaterials is that the phenomena
described in this paper should be observable in regular
materials under the influence of the EMR.
D. Estimates
Photoinduced screening breakdown derivations are ob-
tained for a generic situation of free electron gas being
subjected to strong radiation, where only a few criteria
need to be satisfied, one being no interband transition
(Ω < Eg). Since the effect is proportional to the square of
the amplitude of the electron oscillations (a2), favorable
conditions would occur in a material with a small effec-
tive electron mass and a relatively low EMR frequency.
Estimates are made for a semiconductor with small effec-
tive mass, n-doped InAs, and EMR in the far infrared
wavelength at λ = 20µm.
The concentration of carriers that corresponds to con-
dition ωp = Ω is n = 6.41 × 10
16cm−3. Choosing the
value of the electromagnetic field F = 106V/m, the
power density of the EMR is 0.26MW/cm2. For these
parameters, the divergence of the photoinduced inverse
static permittivity is illustrated in Fig. 1. Choosing
the range r = 1.9 × 10−7cm, which is equal to five in-
verse Thomas-Fermi screening lengths, we can estimate
the Coulomb potentials from Eqs. (4) and (8). For Eq.
(4) (non-resonance case) estimating the slope of elec-
tric permittivity Ai = 1 and a zero crossing point of
q
(i)
0 = 2kF , the photoinduced Coulomb potential of the
point charge is ϕ
(PC)
PI (r) = 13.74meV , while for Eq. (8)
(the resonance case) the potential of the point charge is
ϕ
(PC)
PI (r) = −1.34meV .
For the same parameters, the values of k0 = 1.95 ×
105m−1 (12) for 1 − w2p/Ω
2 = 10−6, which is in the in-
frared frequency range, and the ratio (13) δk/k0 = 0.07%
at B = 10. Increasing the EMR intensity by 2 orders
of magnitude would expand δk/k0 to 7%, which would
transform the material to non-reflective in a wide fre-
quency range.
E. Could screening breakdown lead to
superconductivity in the absence of EMR?
Finally, we discuss a more speculative scenario. Plas-
mon waves are, in essence, electron density fluctuations,
which create an AC electric field at the plasma frequency.
These electron density fluctuations to some degree are
analogous to the external field. Like external fields,
plasmon waves create high frequency harmonics of the
Coulomb potential, which are spread in a similar man-
ner by internal plasmons without screening, and are also
averaged to a stationary component by the AC field in a
self-consistent manner. In other words, it may be possi-
ble for Coulomb screening breakdown to occur and per-
sist in the absence of external radiation. In this case,
the plasmons’ electron density oscillations would cause a
similar divergence of inverse static electric permittivity
and lead to all of the effects previously discussed in this
paper. For q = 0, we may obtain electron-electron at-
traction and the formation of Cooper-type pairs, which
would lead to superconductivity via plasmon-mediated
Coulomb interaction.
To our knowledge, this potential superconductivity
mechanism has never been discussed. Simple estimates
show that electron plasma density fluctuations in the
frequency range of ωp create an internal AC field F ∼√
nEF /ǫ0, which is in the range F ∼ 3× 10
6 (V/m) for
the example parameters in the previous section. Note
that for the Maxwell distribution function, the ampli-
tude of the internal AC electric field is defined by the
energy scale F ∼
√
nT/ǫ0 (see Ref.
15). Obviously, these
fluctuations are not coherent; however, there could be
a range where the coherence length is large enough for
Cooper-type pair formation. Note that in cuprate super-
conduuctors, the size of the Cooper pairs can be as small
as 3× 10−9 m, while the wavelength of the plasmon is on
the order of λp ∼ 10
−6 m) (ωp ∼ 1eV is a typical value of
the plasmon energy in cuprates.) As we mentioned in our
estimates, the screening breakdown effect becomes larger
when the effective mass is smaller, which may be partic-
ularly relevant to high-Tc materials that have a near flat
Fermi surface.
III. CONCLUSION
We have examined the effect of photoinduced Coulomb
screening breakdown mediated by plasmons. This phe-
nomenon originates from the divergence of renormal-
ized inverse electron permittivity, and leads to the ap-
pearance of long-range Coulomb interaction with non-
screened behavior. We considered screening breakdown
for two idealized cases, the point charge and the charged
plane. Our studies showed that due to divergence of
inverse effective electric permittivity, the Coulomb po-
tential acquires oscillating terms, which for the charged
plane could lead to a spatial heterostructure. In the reso-
nance case (ωp = Ω), photoinduced Coulomb interaction
becomes attractive. This renormalization of the Coulomb
interaction could also lead to potential instabilities in the
electron system, such as superconductivity and/or charge
density waves. We also illustrated a potential divergence
of the coupling constant and discussed the possibility of
a superconducting state. Moreover, we speculated that
electron-electron attraction could take place via renor-
malization of the electric permittivity by plasmon elec-
tric field. Photoinduced ENZ conditions were also con-
sidered.
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